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Combustion  instability  was  encountered  in  all  tests  when  the  ratio  of  the  exit 
throat  area  to  combustor  area  was  less  than  0.2.  Under  these  conditions,  the 
frequency  and  amplitude  of  the  pressure  oscillation  was  also  recorded. 

A  parametric  study  was  then  conducted  around  the  5"  D  baseline  configuration 
in  which  combustor  length-to-diameter  ratio  (L/D),  characteristic  length  (L*), 
inlet  temperature,  and  number  of  fuel  injectors  were  varied.  A  strong  effect 
on  combustion  efficiency  was  noted  for  L/D!s  less  than  4.5.  Combustion  effi¬ 
ciency  and  combustor  pressure  losses  were  determined  from  each  of  these  runs 
and  compared  to  several  existing  correl ations . 

Additional  tests  were  then  conducted  using  Shelldyne-H  fuel.  Little 
difference  was  noted  in  combustion  efficiency  between  Shelldyne  and  JP-4  when 
tested  under  baseline  conditions.  However,  at  low  inlet  temperatures  of  around 
750°R,  combustion  efficiency  decreased  rapidly  for  Shelldyne  as  fuel/air  ratio 
was  increased.  Several  additives  that  had  shown  promise  from  shock  tube  studies 
were  used  with  Shelldyne  in  an  attempt  to  increase  combustion  efficiency. 
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SECTION  I 


INTRODUCTION 

Current  volume  limited  ramjet  designs  employ  dump  combustors.  In  this 
engine  system  the  booster  rocket  is  integrated  into  the  ramjet  combustor  to 
conserve  missile  volume.  Such  combustors  do  not  contain  combustor  liners  or 
conventional  flameholders  within  the  combustion  region  and  must  depend  to  a 
large  extent  upon  recirculation  zones  formed  by  the  sudden  enlargement  area 
between  the  inlet  duct  and  the  combustor  chamber. 

Many  combustors  have  been  successful l.y- developed  over  the  years  which 
have  demonstrated  adequate  performance  for  limited  operating  conditions. 
Because  of  the  specific  nature  of  these  prior  designs,  no  real  data  base 
exists  on  the  scaling  of  dump  combustors  or  on  systemati cal ly  varying  key 
combustor  geometries  and  test  conditions.  This  report  covers  in-house  com¬ 
bustion  efforts  conducted  at  the  Air  Force  Aero  Propulsion  Laboratory,  in 
an  attempt  to  establish  some  of  the  design  data  base  needed  to  support 
future  ramjet  developments,  The  results  are  applicable  to  coaxial  dump 
combustors  without  flameholders  and  includes  both  JP-4  and  Shelldyne  data. 

A  similar  program  involving  the  use  of  flameholders  in  the  inlet  duct  is 
being  conducted  and  will  be  reported  in  a  future  report. 
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SECTION  II 


EXPERIMENTAL  PROCEDURE 

Test  Hardware 

The  scale  model  test  hardware  was  essentially  designed  according  to  "pres 
sure  scaling"  relationships  [1,  2],  in  which  overall  geometric  similarity  was 
maintained,  see  Fig.  1.  The  fuel  injectors  consisted  of  8  equally  spaced, 
fixed  orifice,  wall  injectors  located  2.5  inches  upstream  of  the  dump  section 
This  distance  was  determined  from  previous  fuel  injection  studies  [3]  and  was 
held  constant.  The  orifice  diameter  was  scaled  so  that,  at  a  fuel/air  ratio 
of  .055,  the  ratio  of  penetration  distance  to  inlet  diameter  was  a  constant 
value  of  .16.  Cross-stream  injection  was  used  throughout  the  test  program. 

Combustors  with  diameters  of  2",  3",  4",  and  5"  were  fabricated  from 
Schedule  40  (1/4"  wall)  stainless  steel  pipe  flanged  at  both  ends.  The 
coaxial  inlet  duct  was  fabricated  from  similar  stainless  steel  pipe  with 
a  diameter  equal  to  1/2  that  of  the  combustor,  see  Fig.  2.  An  assortment  of 
convergent  exit  nozzles  varying  from  3/4"  to  4  1/4"  allowed  the  scale  models 
to  be  tested  at  essentially  constant  combustor  velocity  conditions  for  the 
pressure  scaling  tests.  Fig.  3  is  a  photograph  of  the  four  scaled  combustors 
with  one  set  of  exit  nozzles.  Combustor  L/D's  for  each  of  these  baseline 
models  is  3.  In  addition,  other  length  combustors  were  available  with  the 
5"  D  hardware  so  that  combustor  L/D  could  be  varied  from  1.5  to  6.  By 
combining  the  various  exit  nozzle  sizes  with  the  different  length  combustors, 
conditions  of  essentially  constant  L*  but  varying  L/D's  could  be  achieved. 
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Likewise  by  interchanging  the  various  inlet  ducts  with  a  given  combustor 
diameter,  the  effects  of  varying  sudden  dump  expansion  ratio  could  be 
observed. 

Test  Rig 

The  combustor  hardware  consisting  of  the  inlet  duct  and  combustor  chamber 
were  mounted  directly  on  a  thrust  stand  from  which  combustion  efficiency  was 
obtained.  Heated  air  was  supplied  from  the  300  psi  Laboratory  air  supply  sys¬ 
tem  through  an  indirect  fired  gas  furnace  and  was  controlled  by  a  3"  high  tempera 
ture  air  valve.  The  inlet  air  temperature,  measured  with  chromel-alumel  thermo¬ 
couples,  was  varied  from  750°R  to  1250°R  during  these  tests.  An  orifice  plate 
metered  the  air  flow  rate  which  was  varied  from  about  .5  lb/sec  to  over  6  lb/sec. 
Fuel  flow  to  the  fuel  injectors  was  measured  by  a  turbine  type  flow  meter. 
Unbonded  strain  gage  pressure  transducers  were  used  for  monitoring  the  inlet 
duct  and  combustor  chamber  static  pressures  as  well  as  detecting  pressure 
fluctuations.  A  Baldwin  Lima  Hamilton  load  cell  type  U3XX  was  mounted  to  the 
thrust  stand. 

Data  from  all  of  the  instrumentation  was  recorded  on  magnetic  tape  for 
computer  processing.  A  Hewlett-Packard  2012B  digital  data  acquisition  system 
acquired  the  data  at  a  rate  of  15  channels  per  second.  For  all  tests,  data 
was  recorded  for  the  cold  flow  just  prior  to  igniting  the  fuel /air  mixture 
and  continued  until  the  combustor  chamber  glowed  red  and  the  fuel  flow  terminated 
Combustion  Efficiency  Calculation 

There  are  many  definitions  used  in  the  propulsion  industry  for  combustion 
efficiency.  The  definition  of  combustion  efficiency,  nc»  used  in  this  report  is 

nc  =  ATt/ATt^ 


3 


where  ATt  is  the  stagnation  temperature  rise  computed  from  engine  thrust 
measurements  and  aT^.  is  the  ideal  total  temperature  rise  computed  from 
equilibrium  chemistry  calculations  for  the  measured  fuel-to-air  ratio,  f/a. 

The  ideal  temperature  rise  for  several  hydrocarbon  fuels  and  additives  is 
shown  in  Fig.  4.  Here  the  abscissas  variable  is  equivalence  ratio,  <f>,  defined 
as 


■  ^  =  f/a 

'^^"stoichiometric 

Data  for  oniy  one  initial  temperature,  T-^,  and  one  chamber  pressure,  P-^,  are 
shown.  The  temperature  rise  curve  does  vary  with  Ty2  but  varies  only  weakly 
with  pressure.  These  data  are  stored  in  a  data  reduction  program  as  a  two 
dimensional  array  with  <$>  and  Tj2  as  the  independent  variables. 

The  thrust  stand  used  in  this  test  program  was  designed  so  that  all  of  the 
inlet  air  momentum  is  removed  from  the  incoming  air  before  it  reaches  the  thrust 


stand.  The  measured  thrust  is  then  only  a  function  of  the  flow  momentum  leaving 
the  nozzle  of  the  combustion  chamber.  Thus 

.  Fe  =  ^  Ve  +  PeAe 

g 


where  We  is  the  total  weight  flow  through  the  engine,  Ve  is  the  nozzle  exit 
velocity,  Pe  is  the  nozzle  exit  pressure  and  Ae  the  nozzle  exit  area. 

If  an  air  specific  stream  thrust,  Sae  is  defined  as 

Sae  =  Fe/W2 

where  W2  is  the  air  flow  entering  the  combustor,  one  obtains 

Sae  =  (1+f/a tT  _ ( 1+TMe2 ) 

"Me9  e  „e  (1+Xii  )  1/2  (1) 

where  (ft  is  the  universal  gas  constant,  y  is  the  ratio  of  specific  heats, Me  the 

molecular  weight  and  Me  the  Mach  number  of  the  flow  at  the  nozzle  exit.  Since 

only  the  difference  in  the  thrust  of  tne  flow  with  the  fuel  on  and  the  fuel  off 
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is  measured,  this  can  be  related  to  Sae  as  follows: 

aF  =  W 2  (Sae  “  3 d. ^ -j ) 


Sae  "  jjj-  +  Saair  (2) 

■  2 

Saa1-r  is  easily  obtained  from  equation  (1)  since  one  knows  Tj^  and  Me  when  no 
combustion  is  occurring.  The  Mach  number  effect  in  equation  (1)  is  eliminated 
by  using  a  sonic  orifice  for  the  nozzle  and  Saa-jr  can  be  computed  very  accurately 


Saai  r  =  2.39  Vjy^ 

Under  certain  operating  conditions,  since  the  flow  is  exhausted  to  the 
atmosphere,  the  nozzle  will  be  choked  when  combustion  is  occurring  but  becomes 
unchoked  when  the  fuel  is  turned  off.  Thus  Saal-r  will  increase  as  the  flow 
becomes  more  subsonic,  as  shown  in  Fig.  5.  However,  this  increase  is  not  a 
strong  function  of  Mach  number  near  sonic  conditions,  increasing  only  2 %  when 
the  Mach  number  drops  to  0.8.  This  effect  is  not  included  in  the  calculations 
and  under  these  conditions  the  computed  combustion  efficiencies  will  be  slightly 


pessimistic. 

With  the  value  of  air  specific  stream  thrust  obtained  from  equation  2,  one 
must  now  determine  a  value  for  Ty^.  From  equation  (1)  one  observes  that  if 
the  ratio  Sae/(l+f/a)  Vlj’ 

is  formed,  the  result  would  only  be  a  weakly  varying  function  of  y  and  Me  for 
a  sonic  nozzle.  Using  the  NASA  thermochemical  program,  [4],  the  ratio  is 


computed  and  plotted  versus  Tyg.  The  results  are  shown  in  Fig.  6  for 
Shelldyne-H  fuel,  more  commonly  designated  as  RJ-5.  Also  shown  is  a  curve 


5 


for  JP-4  at  5  atmospheres.  It  is  interesting  to  note  that  if  the  RJ-5  curves 
are  used  to  reduce  data  for  JP-4  a  maximum  error  of  2%  in  combustion  efficiency 
would  be  incurred  and  demonstrates  the  relative  insensitivity  of  this  parameter 
to  temperature  and  fuel  type. 

These  data  are  input  as  a  two-dimensional  table  into  a  data  reduction 
program  with  pressure  and  total  temperature,  Tje,  as  the  independent  variables. 
A  first  guess  of  2.43  is  used  for  this  ratio  and  with  the  measured  values  of 
f/a  and  Sae,  a  total  temperature  is  computed.  This  temperature  is  then  used 
to  obtain  a  better  value  for  the  ratio  Sae/(l+f/a)  VTy’g  from  the  table  and 
the  final  temperature  computed. 

The  temperature  computed  in  this  manner  is  not  only  a  measure  of  chemical 
efficiency  of  the  combustor  but  it  is  also  a  measure  of  how  well  the  flow  is 
mixed  before  it  exits  the  nozzle.  For  example,  if  one  locally  burned  all  of 
the  fuel  stoichiometrical ly  at  100%  efficiency  when  the  overall  fuel-air  ratio 
was  40%  of  stoichiometric  and  failed  to  mix  these  products  with  the  colder 
stream,  the  combustion  efficiency  deduced  from  the  thrust  measurement  would 
only  be  66%. 
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SECTION  III 


DISCUSSION  &  RESULTS 

Combustor  Scaling 

All  of  the  scale  combustor  models  were  tested  at  baseline  conditions  which 
approximated  the  "pressure  scaling"  criteria.  To  accomplish  this,  the  air 
flow  was  adjusted  so  that  the  product  of  the  combustor  chamber  pressure  and 
the  combustor  diameter  remained  a  constant.  Exit  nozzle  sizes  were  chosen 
so  that  combustor  velocity  was  approximately  the  same  in  all  combustors. 

Inlet  air  temperature  was  held  constant  around  1000°R.  Fuel/air  ratios  were 
selected  at  .025,  .04,  and  .055.  A  spark  plug,  modified  to  burn  hydrogen 
with  air,  was  used  as  a  pilot  flame  to  ignite  the  fuel  mixture  in  the 
chamber.  The  ignitor  was  used  only  to  initiate  the  combustion  and  then  was 
switched  off.  Lean  blow-out  limits,  combustion  efficiency,  and  combustor 
instability  characteristics  were  obtained  for  each  test  condition.  Rich 
blow-out  limits  were  recorded  when  they  occurred  within  the  range  of  operating 
conditions.  Photographs  were  taken  of  oscilloscope  traces  from  an  unbonded 
strain  gauge  pressure  transducer  located  on  the  inlet  so  that  the  frequency 
and  amplitude  of  any  pressure  oscillations  could  be  determined.  In  addition 
to  the  base  conditions,  the  pressure  level  within  each  of  the  combustors  was 
varied  by  adjusting  the  air  flow.  Velocities  within  the  combustor  were  varied 
by  using  different  area  exit  nozzles. 

Fig.  7  gives  the  combustion  efficiency  results  for  the  baseline  conditions. 
At  low  fuel/air  ratios  the  product  of  pressure  diameter,  PD,  held  reasonably 
constant, and  comparable  combustion  efficiencies  were  obtained,  thus  validating 
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the  pressure  scaling  relationship.  At  higher  fuel/air  ratios,  however, 
the  performance  of  the  smallest  combustor  (2"  D)  fell  off  markedly,  possibly 
due  to  the  relatively  large  heat  loss.  Performance  for  the  4"  combustor  con¬ 
sistently  remained  slightly  higher  than  the  3"  or  5"  combustor,  suggesting  that 
some  secondary  effect  such  as  a  difference  in  tolerance  on  fuel  injector  size 
and  location  was  responsible,  rather  than  the  scaling  relationship  itself. 

Figs.  8.  9,  and  10  show  the  results  of  all  the  test  conditions  attempted 
for  fuel/air  ratios  of  .025,  .04,  and  .055,  respecti vely .  In  these  figures 
an  indication  of  whether  smooth  combustion,  combustion  instability,  or  no 
combustion  was  encountered  at  a  given  chamber  pressure  and  combustor  entrance 
Mach  number,  M3.  The  highest  inlet  Mach  number  data  shown  correspond  to  a 
choked  constant  area  combustor  without  an  exit  nozzle.  Combustion  could  not 
be  sustained  under  those  conditions  for  all  cases  attempted.  Where  combustion 
instability  was  encountered,  the  frequency  and  amplitude  of  the  pressure  oscil¬ 
lation  divided  by  mean  chamber  pressure  is  also  given. 

Definite  trends  can  be  observed  from  the  above  figures.  At  the  low  fuel/air 
ratio,  Fig.  8, : combustion  instability  occurred  in  all  4  combustors  when  the 
smallest  exit  area  nozzles  (A^/A^  <  .2)  were  used.  This  was  a  low  frequency 
combustion  instability  of  around  160  to  220  cycles/sec.  with  very  large  ampli¬ 
tude  pressure  oscillations.  Good  combustion  was  achieved  in  most  cases  for 
the  design  exit  area  nozzles  (A*/A3  '  .5),  which  corresponded  to  combustor 
velocities,  V 3,  of  from  200  to  300  ft/sec.  Combustion  efficiencies  were 
essentially  constant  except  for  the  2"  and  3"  chambers  where  combustion  effi¬ 
ciency  decreased  when  tested  at  the  lower  chamber  pressures.  Sustained  combustion 
was  not  obtainable  with  the  2"  chamber  with  the  large  area  exit  nozzle  (A*/A3  ~  .75) 
or  for  any  of  the  combustors  when  no  exit  nozzle  was  utilized  =  1). 
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As  fuel/air  ratio  was  increased  to  .04,  Fig.  9,  a  higher  frequency  com¬ 
bustion  instability  occurred  in  the  2"  chamber  at  the  design  nozzle  area  ratio. 
Combustion  could  not  be  sustained  at  other  velocities  or  at  low  pressures  for 
the  2"  combustor.  Likewise,  combustion  could  not  be  sustained  with  the  3" 
combustor  at  the  lower  pressure  conditions.  At  the  highest  fuel/air  ratio 
tested.  Fig.  10,  the  above  trends  continued  with  good  combustion  becoming  more 
difficult  to  achieve  for  the  smaller  combustors  (2"  and  3"  D). 

The  above  results  indicate  that  for  the  size  range  of  combustors  tested, 
pressure  scaling  is  reasonably  valid,  except  perhaps  for  the  very  small  com¬ 
bustors  where  the  percentage  of  heat  loss  becomes  significant.  This  implies 
that  small  scale  dump  combustors  should  be  tested  at  higher  pressure  levels 

\  4  > 

in  order  to  simulate  the  combustion  process'  of  full-scale  combustors  at  alti- 

« '  s  .  ,  .s 

■C* '  ir,  '  •  1 

tude  conditions.  -V,:  v  r.-  ' 

Combustor  L/D  . 

\  Km‘ 

The  5"  D  combustor  was  tested  with  different  length  chambers  varying  from 
7  1/2"  to  30"  in  order  to  determine  the  L/D  effect  on  dump  combustor  perform¬ 
ance.  Test  conditions  remained  the  same  as  during  the  base  scale  model  tests. 
These  results  are  shown  in  Fig.  11.  A  strong  L/D  effect  is  noted.  A  L/D  of  6 
was  required  in  order  to  obtain  combustion  efficiencies  of  90%.  It  should  be 
stated  that  the  combustion  efficiencies  given  are  for  essentially  cold  wall 
combustors  obtained  directly  from  thrust  measurements  and  are  not  corrected 
for  heat  loss.  In  previous  tests  conducted  with  an  ablative  lined  chamber 
[5],  combustion  efficiency  was  observed  to  increase  up  to  10%  with  time  as 
the  ablative  walls  of  the  chamber  heated  up. 
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Fuel  Additives 


Shock  tube  studies  [8,  9]  have  shown  that  relatively  small  amounts  of  n-propyl 
nitrate  and  ferrocene  can  effectively  reduce  the  ignition  delay  times  of  Shell  - 
dyne  fuel .  Fuel  blends  consisting  of  Shelldyne-H  and  7  1/2%  by  volume  of  n-propyl 
nitrate,  toluene,  artd  toluene-ferrocene  were  tested  in  the  5"  D  combustor. 

Toluene  was  included  primarily  to  alter  the  physical  properties  of  the  blend 
and  reduce  viscosity..  Fig.  17  shows  this  data  for  the  base  condition,  a  high 
L/D  combustor,  and  a  low  temperature  case.  Results  were  disappointing  in 
that  combustion  efficiencies  were  lower  with  all  of  the  additives  than  those 
obtained  with  pure  Shelldyne.  Similar  results  were  obtained  when  the  propyl 
nitrate  concentration  was  increased  to  15%.  This  indicates  that  the  dump 
burner  used  in  this  study  is  not  chemical  reaction  rate  limited. 

Flame  Stabilization 

Blowrout  data  obtained  from  the  previous  tests  using  JP-4  fuels  is  shown 
in  Fig.  18.  Here  the  overall  f/a  ratio  at  which  rich  and  lean  blow-out  occurred 
is  plotted  against  a  stability  correlation  parameter.  With  the  exception  of 
the  runs  with  small  nozzle  area  ratios  (A*/Aj  <  .2),  this  correlation  parameter 
appears  to  fit  the  data  nicely  considering  that  all  four  scale  combustors  are 
included.  Also  shown  for  comparative  purposes  are  results  for  disk,  cone,  and 
hemisphere  flameholders  obtained  at  nearly  the  same  inlet  temperature  [10].. 

The  equivalent  dimension,  de,  used  for  the  dump  combustor  in  this  comparison, 
was  de  =  ( D3- D2 )/2 .  It  is  noted  that  the  lean  blow-out  limit  for  the  dump 
combustors  occurs  at  a  much  smaller  f/a  ratio  than  do  the  conventional 
flameholder  combustors.  It  is  thought  that  this  is  due  to  the  relatively  small 
amount  of  pre-mixing  of  the  liquid  spray  which  occurs  upstream  of  the  dump. 
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This  would  allow  the  local  f/a  ratio  in  the  recirculation  zone  to  be  much 
higher,  corresponding  to  the  more  classical  pre-mixed  lean  blow-out  limit. 
Generalized  Performance 

Performance  results  obtained  from  all  of  the  previous  tests  using  JP-4  fuel 
were  analyzed  in  an  attempt  to  find  a  single  parameter  correlation.  The  range 
of  variables  included  in  this  data  are  listed  below: 

Combustor  Diameter,  D3  2  ->  5" 

Combustor  L/D  1 .5  ->  6 

Nozzle  Area  Ratio,  A*/A3  .14  ->  .76 

Dump  Area  Ratio,  A3/A2  2.5  ->  7.1 

Inlet  Velocity,  V2  330  ->  1510  ft/sec 

Combustor  Velocity,  V3  80  -»  440  ft/sec 

Chamber  Pressure,  Pc  27  ->  92  psia 

Combustor  Inlet  Temperature,  Tj2  290  ->  790°F 

Fuel/Air  Ratio,  f/a  *  .025  ->  .055 

Fig.  19  gives  9  different  correlations  that  were  applied  to  this  data. 

These  correlations  were  obtained  either  from  ramjet  combustion  open  literature 
[11],  contractors  usage,  or  modifications  to  previous  correlations.  In 
cases  where  an  approach  velocity  was  required,  2  computations  were  made  using 
both  the  inlet  duct  velocity,  V 2,  and  the  combustor  entrance  velocity  after  the 
dump,  V3.  Combustion  efficiency  was  then  plotted  on  semi-log  paper  against  the 
various  correlations.  In  most  cases  trends  were  not  identifiable.  Figs.  20 
and  21  are  examples  of  this  in  which  nc  is  plotted  against  a  burner  severity 
parameter,  Wa/A*  (Tj2/100Q)2,  and  a  characteristic  length  correlation, 
L(D4/D*)2(Tj2/1 000) .  Fig.  22  shows  similar  results  when  nc  is  plotted  against 
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the  stability  parameter  that  was  used  for  correlating  the  blow-out  results 
shown  in  Fig.  18.  Much  better  results  are  obtained  when  a  modified  version 
to  the  well-known  Longwel 1  parameter  [12]  is  employed.  These  results  are 
shown  in  Fig.  23.  The  assumption  made  in  obtaining  this  correlation  was 
that  the  reaction  volume  for  the  dump  combustor  was  limited  to  the  center 
core  region  as  defined  by  the  exit  nozzle  area. 

Combustor  Pressure  Losses 

Conventionally,  ramjet  burner  pressure  losses  have  been  correlated  by 
plotting  the  pressure  ratio  across  the  burner  versus  the  sonic  throat  air 
specific  stream  thrust,  Sa*,  divided  by  the  square  root  of  the  inlet  total 
temperature,  Tj2>  This  parameter  has  not  been  very  successful  in  correlating 
pressure  losses  in  dump  combustors  where  the  major  losses  are  aerodynamic  rather 
than  thermodynamic.  It  was  found  [13]  that  the  cold  flow  pressure  losses  of 
dump  combustors  could  be  correlated  if  the  losses  were  plotted  versus  Mach 
number  of  the  flow  at  the  entrance  to  the  combustor,  M^.  The  correlation  took 
the  form 


PT3/PT2 


e 


where  Np  was  a  function  of  the  area  ratio  across  the  dump  station,  A3/A2. 

Results  obtained  from  this  study  have  shown  that  even  this  correlation 
becomes  unsatisfactory  when  combustion  is  occurring  in  the  chamber.  Contrary 
to  the  logical  expectation  that  the  losses  would  be  somewhat  greater  due  to 
combustion,  it  was  found  that  the  losses  are  less  at  the  same  inlet  Mach 
number  with  combustion  than  without  combustion,  This  reduced  loss  is  apparently 
caused  by  the  modification  of  the  pressure  in  the  recirculation  zone  by  the 
combustion.  Unpublished  work  here  at  the  Air  Force  Aero  Propulsion  Lab  has 
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shown  that  the  pressure  in  the  recirculation  zone  of  the  dump  combustor 
is  about  75%  of  the  inlet  static  pressure  for  a  combustor  to  inlet  area  ratio 
of  4  when  no  combustion  is  occurring.  With  efficient  combustion  occurring  in 
the  chamber,  this  pressure  rises  to  a  value  essentially  equal  to  the  inlet 
static  pressure.  If  it  is  postulated  that  the  degree  of  pressure  rise  is 
related  to  the  combustion  efficiency,  then  pressure  losses  with  combustion  can 
be  correlated  by  the  following  expression: 

PT  A9 

where 

5  =  (D2/D3)1/2  +  [l-(D2/D3)l/2]  nc 
Details  in  obtaining  these  expressions  are  given  in  Appendix  A. 

The  results  of  plotting  this  correlating  parameter  versus  inlet  duct  Mach 
number  are  shown  in  Fig.  24.  The  majority  of  this  data  is  from  the  4"  and  5" 
diameter  combustion  chambers  and  covers  combustion  efficiencies  of  from  29%  to 
90%.  Also  shown  in  Fig.  24  are  some  typical  data  taken  from  tests  performed  at 
The  Marquardt  Company  on  full  scale  hardware.  This  engine  suffered  additional 
losses  due  to  flameholders  in  the  inlet  duct  but  the  agreement  with  the  present 
data  is  still  quite  good.  Fig.  25  shows  a  comparison  of  the  combustor  pressure 
losses  using  this  correlation  parameter  along  with  two  previously  used  pressure 
loss  correlations,  namely  Nq  and  CQg  where 

,  _  Sa3'-Sa3 

cD  - 

Ifj'  A3(M3')2 

and  the  primes  are  fictitious  conditions  obtained  by  isentropic  expansion  from 
A2  to  A3.  Large  differences  between  these  three  methods  are  evident  at  the 
higher  inlet  Mach  numbers. 


1  +  yM2^  +  £  (A3/A2-I ) 


-1.06686 
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SECTION  IV 


CONCLUSIONS 

Pressure  scaling  may  be  applied  (with  caution)  to  dump  combustors. 

Combustion  instability  can  occur  in  dump  combustors,  particularly  in 
combustors  with  small  nozzle  area  ratios. 

Combustor  L/D  is  an  important  parameter  in  dump  combustors  which  do  not 
contain  flameholders.  L/D  -4.5  is  required  to  obtain  good  combustion  efficiency. 

Combustion  efficiency  is  dependent  upon  inlet  air  temperatures  in  the  range 
of  from  300  to  800°F. 

Shelldyne  fuel  is  particularly  sensitive  to  low  inlet  air  temperatures . 

At  290°F  the  combustion  efficiency  for  Shel ldyne-H  decreases  drastically  with 
increasing  fuel/air  ratio  when  compared  to  JP-4  results. 

Fuel  additives  of  n-propyl  nitrate,  toluene,. and  ferrocene  did  not  improve 
combustion  efficiency  when  added  to  Shelldyne. 

Currently  used  single  parameter  correlations  do  not  adequately  correlate 
combustor  efficiency  results  when  applied  over  a  wide  range  of  combustor  con¬ 
figurations  and  test  conditions.  The  best  results  were  obtained  when  a  modi¬ 
fied  version  of  the  Longwell  parameter  was  used. 

Pressure  losses  covering  a  wide  range  of  geometrical  variables  and  engine 
conditions  are  satisfactori ly  correlated  by  a  single  variable  derivable  from 
one  dimensional  relations  requiring  only  one  experimentally  determined  func¬ 
tion,  5. 
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SECTION  VI 


APPENDIX  A 

DERIVATION  OF  PRESSURE  LOSS  CORRELATION  PARAMETER 


If  one  assumes  the  static  pressure  in  the  recirculation  zone  is  some 
fraction,  £,  of  the  inlet  static  pressure,  an  expression  can  easily  be 
derived  for  the  total  pressure  loss  across  the  dump  region  by  making  use  of 
the  X,  Y  and  Z  Mach  number  functions,  where 


W  M 


i+ri  m2 


Y+l 

zVFTj 


Y  =  M  y y ( 1  +T^1m2) 
1+yM2 


Z  =  X/Y 

The  one-dimensional  weight  flow  and  stream  thrust  equations  then  become 

W  =  PT  A  X 
and 

F  =  |  V+PA  =  PT  A  Z 

One  then  finds  from  the  one-dimensional  momentum  equation,  that  for  a 

constant  pressure  in  the  recirculation  zone 
=  V2(1+yM22) 

3  [l+yM2^+£(A3/A2"l )] 

and 

PT3  _  X2A2 
pT2  x3a3 

For  small  Mach  numbers  in  the  combustor,  the  functions  X3  and  Y3  can  be 
expressed  as 


X3  =  B  M3C 
»3  =  D  M3E 
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One  can  then  write  an  expression  for  PT3/PT2  1n  terms  of  M2,  A3/A2  and  £, 


Pj3=  J^_A2  f  y2(1+yM22) 

Pj2  .  1-13  A3  _{l+yM2^+5(A3/A2“l )) J 


-1 .06686 


The  function  5  should  be  a  function  of  the  combustion  efficiency,  nc> 
as  well  as  the  area  ratio  of  the  burner  to  the  inlet.  The  proposed  varia¬ 
tion  is 


1/2 


1/2 


?  =  (D2/D3)  +  [1-(D2/D3)  ]  nc 

One  then  expects  the  correlation  parameter 

PTt  A-3  0  -1.06686 

*  =  P?2  ^2  ^ l+yM22+C (A3/ A2-1 )) 

to  be  a  function  of  the  inlet  Mach  number  and  y  only  and  have  a  value 
X2  o  -1.06686 

[Y2O+YM2  )] 

Since  the  pressure  loss  correlation  parameter  is  based  on  one-dimensional 
relations  one  must  obtain  mean  inlet  and  combustor  total  pressures  to  test  the 
correlation.  The  most  consistent  results  are  obtained  when  these  mean  pres¬ 
sures  yield  the  correct  mass  flows  from  the  one-dimensional  equations. 

With  the  inlet  flow  to  the  combustor  being  subsonic  one  expects  the  static 
pressure  across  the  inlet  to  be  fairly  uniform  even  if  the  total  pressure  is 
not  uniform.  Hence,  by  measuring  the  inlet  static  pressure,  total  temperature 
and  mass  flow,  an  average  inlet  Mach  number  from  the  mass  flow  equations  can 


easily  be  determined: 


■  _Vy  m2(1+  m22)  P2a2  VM(J/& 


1/2 


wa  " 


Isentropic  relations  are  then  used  to  obtain  a  mean  total  pressure,  Py2: 
from  M2  and  P2. 
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The  mean  total  pressure  after  combustion  is  calculated  from  the  mean 
combustion  temperature  which  was  previously  deduced  from  the  thrust  measure¬ 
ment.  Here  again  use  is  made  of  the  NASA  thermochemical  program  to  obtain 
the  proper  corrections  for  ideal,  chemically  reacting  flows.  The  weight  flow 
through  a  sonic  nozzle  is  simply  related  to  the  area  of  the  throat,  A*, 
the  total  pressure,  Py  ,  and  the  total  temperature,  Ty^,  by  the  expression 
*T  *  Kw  %  **/  VTT4 

where  Kw  is  a  function  of  the  molecular  weight,M,and  ratio  of  specific 
heats,  y,  of  the  combustion  products. 

Values  of  Kw  for  RJ-5  and  JP-4  are  shown  in  Fig.  26.  Kw  is  somewhat 
pressure  sensitive  at  high  temperatures  and  is  stored  in  the  data  reduction 
program  as  a  two-dimensional  array  with  Ty^  and  Py^  as  the  independent 
variables. 

With  the  measured  total  weight  flow  through  the  combustor,  it  is  now  a 
simple  matter  to  compute  a  mean  combustor  total  pressure  which  is  consistent 
with  the  mass  flow  and  the  thrust  of  the  combustor. 
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SECTION  VII 


APPENDIX  B 


TABULATION  OF  JP-4  AND  RJ-5 
COMBUSTION  EFFICIENCY  DATA 


Preceding  page  blank 
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"Pressure  Scaling" 

PL  =  CONST  l. 

V  =  CONST 

Tin  =  CONST  , 

f/a  =  CONST  £m 

Geometric  Similarity 


For  n  =  2 

(Apparent  Reaction  Order  of  2) 


Re  ->  PL(v) 


D1 


Reynolds  Nr.  -  Affects  Speed  of  Mixing 
Re  a  PVL 

Damkohler  1st  -  Fixes  Residence  Time  in 
Relation  to  Reaction  Time 


L  pn-1L 
tV  a  y 

CONST 

CONST 


Major  Difficulties 

1.  Fuel  Distribution  Process  Causes  Scaling  Difficulties  When  Penetration  is  a  Factor. 
(Both  Diffusion  and  Penetration  Similarity  Required). 

2.  Mfg.  of  Scale  Models  is  Difficult  Due  To  Accuracy  Required  to  Insure  Exact  Geometri 
Similarity. 


Second  Order  Effects 

1.  Heat  Transfer  Effects  on  Wall  Temperature. 

2.  Helmholtz  Resonator  Effects  on  Combustion  Instability. 


Figure  1.  Combustor  Scaling  Relationships 


Figure  7.  Pressure  Scaling  Tests 
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Figure  9.  'Scale  Model  Test  f/a  =  .040 
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Figure  10. 


Scale  Model  Test  f/a  =  .055 
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Figure  13.  Effects 
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Effects  of  Inlet  Air  Temperature 
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Effects  of  Injector  Number 


Figure  17.  Effects  of  Fuel 
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Figure  18.  Stability  Data  Correlation 
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Figure  19.  Attempted  Performance  Correlations 
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Figure  20.  Burner  Severity  Parameter 
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Figure  21.  Character! s ti  c  Length 
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Figure  22.  Stability  Correlation 
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Figure  23.  Modified  Longwel 1  Parameter 
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Figure  24.  Pressure  Loss  Correlation  Parameter 


